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Abstract 
The influence of irreversible hydrogen on the fatigue crack growth in cold-drawn high-strength steel was investigated 
to clarify the mechanism of fatigue strength degradation by irreversible hydrogen. The fatigue crack growth rate was 
accelerated by irreversible hydrogen in low ΔKeff region, and the acceleration increased with a decrease in ΔKeff. 
Moreover, the fatigue crack growth rate under irreversible hydrogen charged condition increased as the stress cycle 
frequency decreased. The behavior of irreversible hydrogen under cyclic loading was visualized using a hydrogen 
microprint technique. It was proved that irreversible hydrogen desorbed out from its trap site under cyclic loading.  
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1. Introduction 
Hydrogen embrittlement is caused by atomic hydrogen entered in materials. In general, hydrogen that 
is trapped in steel is classified as diffusible hydrogen and irreversible hydrogen, which corresponds to the 
activation energy necessary for hydrogen desorption from the trap site [1, 2]. The former can diffuse to a 
stress concentration area at room temperature and causes hydrogen embrittlement [3, 4]. On the other 
hand, the latter cannot diffuse at room temperature and does not influence the mechanical properties of 
steel  under the static or quasi-static loading because it is strongly trapped at the trap site [2]. 
However, we have already clarified that irreversible hydrogen decreases the fatigue strength in cold- 
drawn high-strength steels [5, 6]. The mechanism of fatigue strength degradation was proposed as follows 
[6]: (i) Hydrogen desorbs from the irreversible hydrogen trap site because of cyclic loading. (ii) The 
desorbed hydrogen diffuses to the stress concentration area or crack tip, resulting in a decrease in fatigue 
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strength. However, it has not yet been proven experimentally that irreversible hydrogen desorbs from the 
trap site due to cyclic loading.  
In this study, we investigated the influence of irreversible hydrogen and cyclic frequency on the fatigue 
crack growth. In addition, the behaviour of irreversible hydrogen during the fatigue crack growth was 
visualized by a hydrogen microprint technique [7]. From the obtained results, we discussed the fatigue 
crack growth under irreversible hydrogen charged condition. 
2. Experimental procedures 
2.1. Material and specimen 
The material used in this study was cold-drawn high-strength steel with a diameter of 9.2 mm. The 
chemical composition and mechanical properties are shown in Tables 1 and 2, respectively. The sample 
consisted of a heavy deformed pearlitic microstructure. This sample was machined into an eccentrically 
loaded single edge crack tension (ESET) specimen, as specified in the ASTM standards E647 [8]. The 
configuration of the specimen is shown in Fig. 1. A crack starter notch with a root radius of 130 μm was 
machined into the specimen using a wire electro-discharge machine. After polishing with emery paper 
(#1000), the specimen surface was finished using 6-μm and 1-μm diamond pastes.  
Hydrogen was charged by a cathodic charging technique in an acetic acid buffer solution (pH = 4.8) 
for 4 h at a constant current density of 100 A/m2. The hydrogen desorption behavior was analyzed using 
a thermal desorption spectroscopy. The virgin sample contained the irreversible hydrogen of 0.13 ppm. 
After a hydrogen charge, the sample was conditioned in dry air for 10 days to release diffusible hydrogen 
from the sample perfectly. It was confirmed that only irreversible hydrogen remained in the sample 
conditioned for 10 days after a hydrogen charge. The sample conditioned for 10 days after a hydrogen 
charge contained irreversible hydrogen of 0.42 ppm.  
2.2. Fatigue crack growth test 
Fatigue crack growth tests were performed using an electro-hydraulic servo-controlled fatigue testing 
machine using a sinusoidal waveform at a stress cycle frequency of 0.5 to 10 Hz. The crack length was 
measured using a digital microscope, and the crack opening load was simultaneously measured by an 
unloading elastic compliance method [9]. In this study, the internal hydrogen state was changed as 
follows: (i) virgin sample and (ii) irreversible hydrogen charged sample that was conditioned for 10 days 
in dry air (dew point: 203 K) after a hydrogen charge for 4 h. This sample contained only irreversible 
hydrogen. 
Table 1  Chemical composition [mass %]. 
C Si Mn P S Cu Cr Fe
0.92 1.26 0.31 0.01 0.007 0.01 0.17 Bal.
Table 2  Mechanical properties. 
Tensile strength [MPa] 0.1% proof stress [MPa]
1735 1610
Fig. 1 Shape and dimensions of specimen. 
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2.3. Hydrogen microprint technique 
The irreversible hydrogen desorption caused by cyclic loading was visualized by a hydrogen 
microprint technique [7], which is based on the following principle: a specimen surface is covered with a 
photographic emulsion that contains silver bromide particles. When hydrogen atoms are released from the 
surface, they reduce the silver ions in the emulsion to metallic silver. The remaining emulsion is then 
dissolved in a photographic fixing solution, and thus, the silver particles remaining on the surface indicate 
the hydrogen release site. 
The experimental procedure is summarized as follows: the mirror-finished specimen surface was 
electroplated with an approximately 50 nm-thick nickel layer in a Watt bath [10] to improve the hydrogen 
detection efficiency in the hydrogen microprint technique [11]. The specimen surface was then coated 
with a gelatin-based nuclear emulsion (Ilford L-4, diluted two times) by a wire-loop technique [12] in a 
dark room, and the specimen was dried for 30 min. The specimen, which was covered with aluminum foil 
for shading, was then attached to a testing jig, and the fatigue tests were performed using a fatigue testing 
machine in laboratory air.  
After the fatigue tests, the specimen was immersed in formalin for 10 s to harden the gelatine film to 
prevent the redistribution of silver particles [13]. The specimen was dipped in a 15% Na2SO3 aqueous 
fixing solution for 15 min. After the specimen was washed and dried, the silver particles remaining on the 
surface were observed using a scanning electron microscope (SEM). 
3.  Results and discussion 
3.1. Fatigue crack growth rate 
Figure 2 shows the relationship between the stress intensity factor range, ΔK, and the fatigue crack 
growth rate, da/dN. The stress cycle frequency was changed from 2 to 10 Hz corresponding with the ΔK 
region, as shown in the figure. In the lower ΔK region of ΔK < 10 MPam1/2, the fatigue crack growth rate 
of irreversible hydrogen charged sample accelerated slightly compared to that of the virgin sample. 
However, in the higher ΔK region above 10 MPam1/2, irreversible hydrogen had no observable influence 
on the fatigue crack growth rate. 
Figure 3 shows the fatigue crack growth rate as a function of the effective stress intensity factor range, 
ΔKeff. In the lower ΔKeff region of ΔKeff < 9 MPam1/2, it can be clearly seen that the fatigue crack growth 
rate was accelerated by irreversible hydrogen. Moreover, the acceleration of the fatigue crack growth rate 
increased with a decrease in ΔKeff. 
3.2. Influence of stress cyclic frequency on fatigue crack growth rate 
The fatigue crack growth tests were conducted at stress cycle frequencies of 0.5 and 5 Hz in the ΔK 
region from 4 to 10 MPam1/2, where the acceleration of the fatigue crack growth rate was clearly 
observed: see Figs. 2 and 3. Figure 4 shows the fatigue crack growth rate as a function of ΔKeff. For the 
virgin sample, the fatigue crack growth rate did not depend on the stress cycle frequency despite the 
virgin sample contained a small content of irreversible hydrogen. This reason may be that the content of 
irreversible hydrogen is not sufficient for the acceleration of fatigue crack growth. On the other hand, the 
fatigue crack growth rate of irreversible hydrogen charged sample at a frequency of 0.5 Hz became higher 
than that at a frequency of 5 Hz. It is well known that the fatigue crack growth rate increases with a 
decrease in stress cycle frequency under diffusible hydrogen charging condition [14]. At a lower stress 
cycle frequency, the hydrogen has sufficient time to diffuse to the process zone because the crack 
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extension per unit time is very small.  
Considering the results shown in Figs. 3 and 4, it is suggested that the fatigue crack growth under 
irreversible hydrogen charged condition is related with the hydrogen diffusion. This leads to an 
assumption that irreversible hydrogen desorbs from the trap sites not only in the process zone but also in 
the region away from the fatigue crack tip. Hence, the acceleration of the fatigue crack growth increases 
Fig. 2  Relationship between da/dN and ΔK. Fig. 3  Relationship between da/dN and ΔKeff. 
Fig. 4  Influence of stress cycle frequency on the 
fatigue crack growth rate under irreversible 
hydrogen charged condition.  
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Fig. 5  Silver particle distribution around the fatigue crack (ΔK=7.2 MPam1/2, R = 0.1, f = 0.5 Hz). The point “A” 
and “B” indicate the position of the crack tip before and after fatigue test, respectively. 
with a decrease in the stress cycle frequency because the desorbed hydrogen is greatly concentrated at the 
fatigue crack tip at the lower stress cycle frequency. 
3.3. Visualization of irreversible hydrogen desorption 
Irreversible hydrogen accelerated the fatigue crack growth. The hydrogen is considered to have 
desorbed from the irreversible trap site because of cyclic loading, after which the desorbed hydrogen 
caused hydrogen induced crack growth acceleration. However, there is no evidence that irreversible 
hydrogen desorbs from the trap site under cyclic loading. Therefore, the behavior of irreversible hydrogen 
under cyclic loading was investigated by applying a hydrogen microprint technique to the fatigue tests. 
After a pre-cracked specimen was coated with a nuclear emulsion, the specimen was subjected to a 
fatigue loading of ΔK = 7.2 MPam1/2 at a stress ratio of 0.1 and a stress cycle frequency of 0.5 Hz for 
8000 cycles. Figure 5 shows the SEM images near the fatigue crack tip on the fixed specimen surface. 
Here, the fatigue crack tip moved from point A to point B during the fatigue loading. 
In the case of the virgin sample shown in Fig. 5(a), silver particles, which indicate the hydrogen 
evolution from the specimen surface, were not observed, although the virgin sample contained a small 
amount of irreversible hydrogen (0.13 ppm). The content of the desorbed hydrogen also is small because 
the content of irreversible hydrogen is small in the virgin sample. Moreover, some content of hydrogen 
are needed for the reduction reaction of silver bromide particle because the hydrogen detection efficiency 
in the hydrogen microprint technique is not 100%. Thus, the silver bromide particles may not have been 
reduced to silver particles in the case of the virgin sample.  
On the other hand, for the irreversible hydrogen charged sample, a large number of silver particles 
were observed along the fatigue crack that grew from point A to point B after nuclear emulsion coating as 
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shown in Fig. 5(b). Silver particles with a diameter of hundreds of nanometer precipitated densely (Fig. 
5(c)). However, there were no silver particles around the pre-crack, i.e., on the left side of point A, even 
after the fatigue loading. These results indicate that irreversible hydrogen desorbed from the trap site 
around the fatigue crack because of fatigue loading. Moreover, there were no silver particles 10 μm away 
from the fatigue crack. This proved that the fatigue loading caused local irreversible hydrogen desorption 
near a fatigue crack. 
From these results, the mechanism of the fatigue crack growth under irreversible hydrogen charged 
condition was led as follows. Irreversible hydrogen desorbs from the trap site near the fatigue crack tip 
due to cyclic loading. The desorbed hydrogen diffuses to the fatigue crack tip and caused the hydrogen 
induced acceleration of fatigue crack growth. Because the irreversible hydrogen desorption occurs at the 
region away from the crack tip, the concentration of hydrogen near crack tip increases with a decrease in 
stress cyclic frequency. Hence, the acceleration of fatigue crack growth due to irreversible hydrogen 
desorption depends on the stress cyclic frequency. 
4. Conclusions 
We investigated the influence of irreversible hydrogen on the fatigue crack growth in cold-drawn high-
strength steel, and the behaviour of irreversible hydrogen under cyclic loading was visualized by a 
hydrogen microprint technique. The investigation yielded the following conclusions: 
• The fatigue crack growth rate was accelerated by irreversible hydrogen in a low ΔK or ΔKeff region. 
This acceleration of the fatigue crack growth rate caused by irreversible hydrogen increased with a 
decrease in ΔKeff. 
• The acceleration of the fatigue crack growth rate under the irreversible hydrogen charged condition 
increased with a decrease in stress cycle frequency. 
• The application of a hydrogen microprint technique proved that irreversible hydrogen was locally 
desorbed from the trap site along the fatigue crack by fatigue loading. 
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